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Abstract

An online monitoring and adaptive control during laser material processing is necessary
for quality assessment and a relatively new way consists in using the information given
by the inclination of the keyhole. In this project an existing electro-optical device is
tested and improved in order to measure the polarisation state of the infrared light by
means of nematic liquid crystals which is emitted by a thermal emitter that simulates a
heated workpiece . The main improvement which has been carried out is the unification
of various functions in one LabVIEW program with the goal of making a more compact
setup and a fully automated process for the later transfer of the device onto a robot
used for laser welding. Moreover a description about all the components of the device is
given and also a checking of these has been performed. Finally some recommendations
for further studies related to improving the LabVIEW program and enhancing the setup
are given.

Keywords: laser material processing, quality assessment, online monitoring, inclina-
tion of the keyhole, polarisation of the light, nematic liquid crystals.
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1 Introduction

1.1 Justification and motivation for the project

Nowadays laser based technologies have become strongly important or even dominant in
material processing for industrial applications like welding, cutting, drilling, surface en-
gineering, marking, coating, materials deposition, annealing and hardening [23]. Lasers
have had such an incredible growth because of its intrinsic ability for continuous devel-
opment and flexibility of use. As consequence industrial laser is considered a flexible
machine tool because its light can be controlled accurately depending on the target and
thus provides opportunities for innovation in material processing [33]. Therefore the re-
search and the industrial use of lasers in material processing has not stopped increasing
and it will also continue to challenge mainstream manufacturing processes as companies
move to high precision manufacturing applications (Fig.1.1).

Figure 1.1: Global market for laser systems for materials processing and machine tools
market in euro indexed to 1993 volume [1]

Also it has continued the lasers development in analysis, spectroscopy, metrology,
communications and medical applications [43], however this project is focused in ma-
terial processing. As it has already said lasers are used in many different applications
but also treat with many different materials (metals and alloys, ceramics and glasses,
polymers and composites), different modes of beam-material interaction (thermal and
athermal) and it exists different types of laser machines depending on their active me-
dium, wavelength, power, energy and mode of operation so possibilities offered by laser
are endless [33].

A really important aspect during laser material processing is checking the quality of the

6



1 Introduction

material which is being machined in real time in order to receive the necessary informa-
tion and therefore being able to adjust parameters to improve the process. Checking the
quality of the surface once the materials has been machined could give a very general
information about the process telling if it has been right or not nevertheless it does not
provide enough data to control the process properly . Thus an online monitoring and
adaptive control during laser processing is necessary [23]. For it beam-material interac-
tions produce characteristic emissions which contain information and that can be used
[29].

Related to this quality assessment during the process different methods as the following
exist. Using acoustic emission that at specific frequencies contains important diagnostic
information [31], measuring the space charge voltage induced on an electrically insulated
welding nozzle (which gives information about the welding performance) [39] or using
high-speed optical and x-ray transmission methods [40]. The method that is going to be
used in this project is about using the information given by the behavior of the keyhole.
A relatively new way to analyze this keyhole consists in using the infrared radiation
emitted by the heated laser machined surface.

During the process of laser welding the shape of the keyhole is a little bit inclined
as it can be observed in Fig.1.2.

Figure 1.2: Inclined angle of the keyhole γ while laser welding [38]

The same phenomenom happens during the process of laser cutting where the shape
of the cutting is inclined and during the process of laser drilling at the end of the hole.
So the study of this is useful for many different laser processes, however focusing on
this project one of the last and most difficult goals is to install an optical device for
measuring polarisation and with it the inclination angle of keyhole γ specifically onto a
robot used for laser welding.
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Therefore to analyze the keyhole and with it make this quality assessment during the
process is necessary to know the value of this inclined angle γ. So the sequence to
compute it would be the following:

• Measuring the polarisation state of the light which depends on the measured angle.

• Calculating the angle of radiation of the emitted light by the heated body.

• Computing the inclined angle of the keyhole γ .

So this Bachelor’s Thesis tries to get all the necessary information to compute this
inclined angle focusing on the first step of the mentioned process and for it an existing
electro-optical assembly is tested and improved.

1.2 Goals

The main goal of the Bachelor’s Thesis is to test and improve an existing electro-optical
device built in a Master’s Thesis [28] which function is to measure the emission of an
infrared radiating heated body by means of nematic liquid crystals. These measurements
provide the necessary information to calculate the state of polarisation of a partially lin-
ear polarised infrared radiation and later would be able to provide a quality assesment
during the process of laser processing by computing the angle of radiation and with it
the inclined angle of the keyhole.

These tests and improvements consists of different tasks which are the following. At
first installing the device in order to measure the polarisation of a fully linear polarised
light emitted by a thermal emitter instead of a laser heated radiating surface. Secondly
improving the configuration by unifying different functions in one LabVIEW program
to control the measuring device which consists in making the whole computation fully
automated. Afterwards the third main task would have been transfering the device onto
a robot used for laser welding and finally testing it on the top of a laser processing head
in order to compute the inclined angle. Unfortunately there has not been enough time
to make it.

As this is a research project the objective is trying to advance as much as possible
with the proposed problem in the available time. Therefore at the end of the project in
Sec.6 and Sec.5 what has been achieved and what should be done in future is commented.

1.3 Similarities and distinctiveness with previous projects

This Bachelor’s Thesis is the continuation of the investigation made in a previous Mas-
ter’s Thesis [28] which has tried something totally new, measuring the state of polarisa-
tion of an infrared light using nematic liquid crystals. This last aspect is what makes
it new, the fact of using nematic liquid crystals in the Liquid Crystal Variable Retarder
of the measuring device in order to make a quality assessment during the laser material

8



1 Introduction

processing by computing the inclined angle. Other investigations [46] have used the emit-
ted thermal radiation to get detailed information useful for monitoring and controlling
quality in laser processes nevertheless it does not use nematic liquid crystals. The main
objective of this project is the same as the one carried on the mentioned Master’s Thesis
so the optical device that has been used and the theory behind the computation is the
same. The difference is in the way of performing some experiments and how the data are
obtained and processed with the aim of improving the setup focusing on the electronics.

Regarding the quality assessment during the process other different methods have been
commented in Sec.1.1. Another Thesis which aim is to measure the light polarisation
using nematic liquid crystals is [24] but in this one the light consists in a HeNe laser,
not in an IR-emitter or a heated surface.

So analyzing these previous investigations, all of them have many similarities about
the used setup, goals or equipment, however none of them tries to do what is wanted to
achieve in this thesis in the way that here is performed.

1.4 Methodology

This section aims to make a brief description to allow the reader to clearly understand
how the project has been carried out by explaining its development over time, which
elements have been used to obtain the data and how the experiments were performed.

1.4.1 Time management

The duration of this Bachelor’s Thesis has been four months. During the first month a
very general information about laser, laser welding and quality assessment was compiled
by reading books about basics of laser technology. Later in the second month more
specific information about measuring the polarisation of the light and using nematic
liquid crystals like scientific articles was searched and the first sections of the project
were started to be written. In the following month all the installation of the setup, the
construction of the LabVIEW program and also the realization of the experiments was
made while the writting of the report at the same time. Finally the last month this
report was finished and checked to make the appropiate corrections.

1.4.2 Equipment and programs

In this section all the equipment and programs that have been used to make possible
the electro-optical work are commented, nevertheless the device itself is not described
here but it is done in Sec.3.

For the realization of the experiments the following devices have been used: an os-
cilloscope to make some simply measurements for the positioning of some components,
a generator to provide the necessary voltage and current in order to generate the light
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with the IR-emitter, a signal generator to check that the device works (instead of the
LabVIEW program), an amplifier to amplify the signal measured by each photodiode, a
computer to run the LabVIEW program in order to monitor the electro-optical device
and a PCI NI 6024E [2] card (Fig.1.3a) with the NI-TBX 68 pin screw terminal [3]
(Fig.1.3b) accessory to generate and measure the signals with the LabVIEW program.
It is considered not necessary to explain exactly which model of each device that has
been used because of with ordinary ones it is possible to get what is required, however
some technical specifications about the PCI NI 6024E are important to know so these
are included in the appendix in Sec.7.1.

(a) PCI NI 6024E card to generate and simulate
signals

(b) NI-TBX 68 pin screw terminal

Figure 1.3: Card and pin screw terminal used to generate and measure signals using
LabVIEW

Regarding the informatic programs that have been used these are: LabVIEW 2013 to
make measurements and computation fully automated and Excel 2010 to approximate
and get the function which fits with the behavior of the LCVR as it is explained in
Sec.3.3.1.

1.4.3 Comments about the realization of experiments

Some remarks are considered important to take into account to facilitate the repetition
of the experiments that have been carried out. It must be considered that in this Thesis
the improved device has just measured fully linear polarised light, however it should be
able to measure partially linear polarised light.

First of all the wavelength that has been measured during the whole thesis has been
around 1500nm due to it was the one which better suited with all the components of the
electro-optical device that were chosen. To make the assembly all the components were
fixed using adapters and shafts and these were set in a rail which has an optical scale
to measure distances. In order to know which polarisation state is being introduced by
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the PSG polariser, a graduated circle has been used (Fig.1.4).

Figure 1.4: Graduate circle to set a polarisation state that is being generated

During all the experiments the electro-optical device was covered with a black piece of
cardboard with the objective of avoiding the influence of the surroundings infrared light
which variates depending on many different factors. Previously in [28] only the Beam
Splitter was covered because of the adapter of photodiode 1 is transparent, however this
has been improved by covering all the device.

For the computation the data that have been used is the main value of the measurements
made by each photodiode due to each signal does not variates too much and then that
can be accepted.

At first the experiments were tried to be carried out with another card, which is the NI
6009 [4], nevertheless it could not provide more that 5V so some alternatives were neces-
sary. Two alternatives were thought: making an aditional LRC circuit to get the desired
voltage or using another card which already was set in the computer. So the easiest
solution was using the card NI PCI 6024E with the NI-TBX 68 pin screw terminal.
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2 Theoretical background

2.1 Behavior of the keyhole and thermal radiation

2.1.1 Inclined angle of the keyhole

First of all, as the final objective is to install the optical device onto a robot for laser
welding to compute the inclined angle of the keyhole it is essential to explain what laser
welding consists in and which phenomenom is going to be studied. An illustrative picture
of the laser welding process showing the geometry of the keyhole is given in Fig.2.1.

Figure 2.1: Sketch of the laser welding process [5]

Laser welding is an equilibrium between the heating and cooling within a spatially loc-
alized volume overlapping two or more solids in the way that a liquid pool is formed and
remains stable until solidification [29]. This liquid melt pool is created by absorption
of incident radiation, and depending on it and the uniform dissipation of heat inside
the workpiece that balance is maintained. Some of the advantages in comparison to
conventional welding techniques are proposed in [29] and the main pro is its ability to
narrowly focus laser radiation to small area and as consequence be a strongly accurate
technique. It is a joining technology with high quality, high precision, high performance,
high speed, good flexibility and can be easliy automated [23]. A really interesting aspect
of laser welding to be researched is the identification of those parameters which influence
its stability and reproducibility and after it develop different ways to control these para-
meters. In this control of the process is where this project final goal is focused, to make
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2 Theoretical background

a quality assessment during the process of laser welding by measuring the polarisation of
the emitted radiation of the heated workpiece in order to have information to calculate
the inclined angle of the keyhole.

This inclined angle of the keyhole can provide many information about the process
because of it is related to the welding speed, the absorbed laser intensity (related at the
same time with the plume temperature and luminosity), penetration depth and incident
laser power[23].

2.1.2 Thermal radiation

The emitted thermal radiation can provide a lot of information while monitoring and con-
trolling quality about temperature distribution and geometrical structures [46]. Thermal
radiation is electromagnetic radiation and as consequence it is commented in the follow-
ing sections however before it is necessary to explain what p- and s- polarisation concept
is and what a black body is in order to relate it with the real radiation emitted by a
heated surface and make possible the computation of the angle of radiation and with it
the inclined angle of the keyhole as it has been shown in the explained process in Sec.1.1.

First of all the polarisation of an incident light beam and the reflected one can be
divided in two perpendicular components to make the study of it easier [28]. These
two components are p- polarisation and s- polarisation. P- polarisation component is
perpendicular to the direction of propagation and contained in the plane of incidence
while s- polarisation is perpendicular to the direction of propagation and parallel to the
reflecting surface as it is shown in Fig.2.2.

Figure 2.2: P- and s- polarisation components of an incident and reflected light beam [6]

Secondly a black body emmits blackbody radiation which is equal to the full amount
specified by Planck’s law and it has a specific spectrum and intensity which depends only
on the body’s temperature. It is a theoretically ideal radiator and abosrber of energy
at all electromagnetic wavelengths and it can be approximated by a hollow insulated
enclosure containing a small hole in one wall where the incident energy goes inside and
gets reflected again and again against the inner wall (Fig.2.3).
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Figure 2.3: Representation of a conceptual Black Body [7]

Planck’s law describes the spectral density of that radiation at a given temperature
[34]. No physical body can emit as higher thermal radiation as the emitted by a black
body [42], nevertheless it is really useful because of it exists relation between the radi-
ation density of a real surface and a black body which can be expressed by the spectral
emissivity ε parameter [46]. This emissivity ε parameter depends on many different
factors which are wavelength, temperature, surface conditions and material. More over
this parameter can relate angle of radiation and state of polarisation (p- and s- polar-
isation). As it is proved in [46] the ratio ε(s-polarised)

ε(p-polarised) depends on the angle of radiation
β and therefore this angle can be obtained by computing this ratio. Once this angle of
radiation is known, the inclination angle of the keyhole could be computed [46].

2.2 Basics of optics

For this section, most of the equations and developed theory have been extracted from
the book [26], which is perfectly in accordance with the mathematical description that
is necessary in relation to the polarisation of light. Moreover all the mathematical
description made in this project consists in a short summary of the deep theoretical
research made in [28].

2.2.1 Basics of the light and degree of polarisation

Light has a dual nature as it is demonstrated in [27]. It behaves sometimes as a particle
and sometimes as a wave. A really important concept is the wavelength which is used
to classify electromagnetic waves in different types of radiation and focusing in the one
which is the center of attention in this project, infrared radiation (IR) is between 700nm
and 1000000nm. Talking about polarisation of the light it is convenient to represent it
as a wave, however light should not be forgotten as a particle because this behavior is
really important in laser technology. Considering the light as an electromagnetic wave
its behavior can be described with the following Fig.2.4.
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Figure 2.4: Description of the propagation of the light [8]

As it can be observed in Fig.2.4 the light is composed of an electric field and a magnetic
field which oscillate perpendicularly to the direction of propagation. Nevertheless talking
about polarisation the magnetic field is insignificant in comparison with the electric
so it is neglected in optical measurement [26]. Polarisation speficies the geometrical
orientations of the oscillations of the electric field by telling the direction or plane.
There are three types of polarisation of the light: linear, circular and eliptic [44] which
are well shown in Fig.2.5.

Figure 2.5: Three types of polarisation of the light

Is it is really important to take into account that light is a combination of polarised and
unpolarised light, so the electric field consists in the addition of both and as consequence
the full intensity of the light beam I can be described as (Eq.2.1):

I = Iup + Ip (2.1)

where Iup is the intensity of the unpolarised component and Ip the intensity of the po-
larised component.

15



2 Theoretical background

Regarding this combination of both parts a really important parameter which is the
degree of polarisation DoP appears (Eq.2.2) [26]:

DoP = Ip
Iup + Ip

(2.2)

So the degree of polarisation DoP describes quantitetively the polarisation of the
light. The extreme values are 0 for a fully unpolarised light beam and 1 for a perfectly
polarised one.

2.2.2 Stoke parameters

Stoke parameters are the components of the Stokes vector ~S (Eq.2.3) which describes
polarisation of an electromagnetic radiation in the intensity domain and come from the
study of the electric field. It carries complete information on the intensity and state of
polarisation and they may be normalized by dividing each parameter by S0 [44].

~S =


S0
S1
S2
S3

 (2.3)

For linear polarised light the last Stoke parameter S3 is equal to 0 and therefore in
these cases a simplified vector of three components should be used. Different examples
of Stokes vectors for different polarization states can be consulted in many sources as [44].

The degree of polarisation DoP can be written depending on these Stokes paramet-
ers (Eq.2.4) :

DoP = Ip
Iup + Ip

= (S2
1 + S2

2 + S2
3)

1
2

S0
(2.4)

where S0 is the sum of Iup and Ip as it can be observed.

2.2.3 Mueller matrices

The physical process that a partially polarised light beam suffers when it crosses an
optical device can be described with the Mueller matrix A of the device. It allows the
computation of the output Stokes vector ~Sout considering an input Stokes vector ~Sin
which is altered by the optical device [44]. Therefore this is the resulting Eq.2.5 [32]:

~Sout = A× ~Sin (2.5)

where A =


a11 a12 a13 a14
a21 a22 a23 a24
a31 a32 a33 a34
a41 a42 a43 a44

, ~Sout =


Sout,0
Sout,1
Sout,2
Sout,4

 and ~Sin =


Sin,0
Sin,1
Sin,2
Sin,4

.
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Mueller matrices allow the study of the process that a light beam suffers among an
optical assembly with many optical components by multiplying their Mueller matrices.
It is really important to take into account the order in the multiplication which depends
on the order in which the light beam meets the components. The first component with
Mueller matrix A1 that the light beam meets multiplies the input Stokes vector ~Sin and
then the Mueller matrix of the next component A2 multiplies on the left of the previous
component, and so on as it can be observed in Eq.2.6:

~Sout = A2 ×A1 × ~Sin (2.6)

In [36] some examples of Mueller matrices for different optical components are given so
later when the Mueller matrix of a component would be necessary it would be extracted
from this source.

As it will be explained later in Sec.3.1 it is essential to understand what a linear polariser
(analyser) and a variable retarder (LCVR) make in order to make the mathematical de-
scription of the device in Sec.3.2. A linear polariser changes a non linear light beam into
a linear one and to measure the polarisation of the emergent linear polarised light beam
is necessary to define the plane of polarisation which is made with the angle between
the polariser and a fixed reference. A variable retarder provides a variable phase shift
and its behavior is explained in Sec.2.4.

2.3 Calculation of an unknown linear Stokes Vector

The goal of this section is to show how to compute an incident unkown partially linear
polarised Stokes vector for a known Mueller matrix of an optical assembly by making
some measurements of the emergent light beam. Therefore the objective is the determ-
ination of this partially linear polarised Stokes vector ~Sin (Eq.2.7):

~Sin =


Sin,0
Sin,1
Sin,2

0

 (2.7)

The Mueller matrix M (Eq.2.8) of the optical assembly is known and depends on the
applied voltage.

M(V ) =


a11(V ) a12(V ) a13(V ) a14(V )
a21(V ) a22(V ) a23(V ) a24(V )
a31(V ) a32(V ) a33(V ) a34(V )
a41(V ) a42(V ) a43(V ) a44(V )

 (2.8)

Once the incident light beam has passed through the whole optical assembly the Stokes
vector is ~Sout and using Eq.2.5 the following system is achieved (Eq.2.9):

~Sout =


Sout,0
Sout,1
Sout,2
Sout,3

 = M × ~Sin =


a11(V )Sin,0 + a12(V )Sin,1 + a13(V )Sin,2
a21(V )Sin,0 + a22(V )Sin,1 + a23(V )Sin,2
a31(V )Sin,0 + a32(V )Sin,1 + a33(V )Sin,2
a41(V )Sin,0 + a42(V )Sin,1 + a43(V )Sin,2

 (2.9)
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However from the output light beam the only component of the Stokes vector ~Sout
that can be measured is Sout,0 and so the Eq.2.10 is the one useful which is extracted
from the system (Eq.2.9):

Sout,0 = a11(V )Sin,0 + a12(V )Sin,1 + a13(V )Sin,2 (2.10)

The values a1j(V ) (j = 1, 2, 3) and Sout,0 are known so there are three unknowns:
Sin,0, Sin,1 and Sin,2. Nevertheless Sin,0 which is the full intensity of the incident light
beam can be measured and as consequence there are only two unknowns and so only two
equations (Eq.2.11) are required, what means it is necessary to take only measurements
for two different voltages (V1 and V2).

Sout,0(V1) = a11(V1)Sin,0 + a12(V1)Sin,1 + a13(V1)Sin,2
Sout,0(V2) = a11(V2)Sin,0 + a12(V2)Sin,1 + a13(V2)Sin,2

(2.11)

This equations can be rewritten in matrix form as (Eq.2.12):

~J(V1, V2) = B(V1, V2)×
(
Sin,1
Sin,2

)
(2.12)

where B(V1, V2) =
(
a12(V1) a13(V1)
a12(V2) a13(V2)

)
and ~J(V1, V2) =

(
Sout,0(V1)− a11(V1)Sin,0
Sout,0(V2)− a11(V2)Sin,0

)
Then in order to calculate Sin,1 and Sin,2 the used equation is Eq.2.13:(

Sin,1
Sin,2

)
= B−1 × ~J(V1, V2) (2.13)

To be able to use this equation (2.13) it is necessary that B is invertible and this is the
case with the optical assembly used in this project as it is proved in [28]. Therefore
carrying out the indicated computation it is possible to derive the state of polarisation
by taking measurements for two different voltages. Nontheless it must be considered
that other ways to make this computation are possible, this explanation is just the one
which has been chosen and which better fits with the given conditions.

2.4 Basics of nematic liquid crystals

First of all it is really important to know what a liquid crystal is. This is an intermediate
phase in symmetry and structure which has features from both the solid crystalline and
the amorphus liquid state. They flow like liquids but at the same time they have order-
ing properties of solids [30]. Due to their dual nature (anisotropic physical properties of
solids and rheological behavior of liquids) and their easy response to externally applied
electric, magnetic, optical and surface fields liquid crystals have an incredible potential
for scientific and technological applications [45].
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2 Theoretical background

There are different types of phases in which liquid crystals can appear and are called
mesophases: nematic, cholesteric, smectic and ferroelectric [35]. Nevertheless nematic
phase is the most interesant for electro-optical applications. Nematic liquid crystals mo-
lecules are still able to move around in the fluid (molecules have no orderly position and
are free to move), however their orientation remains the same (all molecules are alligned
approximately parallel to each other, they tend to point the same direction)[30] as it is
shown in Fig.2.6.

Figure 2.6: Molecules orientation and order in Nematic Liquid Crystals [9]

As consequence of the commented properties of nematic liquid crystals the polarisation
of a light beam which passes through them can be altered. These are electrically variable
waveplates (the absence of moving parts allows really high switching time around milli-
seconds) which alterate the retardance by applying a variable, low voltage waveform. It
consists of a transparent cell filled with a solution of liquid crystal (LC) molecules and a
voltage can be applied across the cell due to two parallel faces of the cell wall are coated
with transparent conductive film [10] as it can be observed in Fig. 2.7:

Figure 2.7: Scheme of a liquid crystals cell [10]

So a liquid crystal retarder allows to control the phase and with it the polarisation
state of the transmitted light depending on the applied voltage which influence in the
orientation of the molecules introducing a phase shift between the two components of
the incoming polarised light beam as it can be observed in Fig. 2.8:
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2 Theoretical background

Figure 2.8: Rotation of the LC molecules when an electric field is applied between the
two confining surfaces [10]

Regarding mathematics this component can be described with its Mueller matrix as
it has already been said in Sec.2.2.3. Before it is really important to consider that the
medium is birefringent so two axis of refraction must be used: slow-axis and fast-axis.
Therefore the phase shift introduced depends on the relative orientation between the in-
cident light beam polarisation vector and the slow-axis and fast-axis of the liquid crystal
variable retarder [28]. Then the Mueller matrix of a liquid crystal variable retarder R
can be written as (Eq.2.14)[25]:

R =


1 0 0 0
0 C2 + S2 cos(δ(V )) SC(1− cos(δ(V ))) −S sin(δ(V ))
0 SC(1− cos(δ(V ))) C2 + S2 cos(δ(V )) C sin(δ(V ))
0 S sin(δ(V )) −C sin(δ(V )) cos(δ(V ))

 (2.14)

where α is the fast-axis azimuthal angle, δ is the phase shift, C = cos(2α), S = sin(2α)
and V is the RMS voltage applied between the electrodes.
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3 Description of the electro-optical device

3.1 Description of the structure and components

The optical device used in this project was developed and built in the aforementioned
Master’s Thesis [28]. Nevertheless a brief description about all the different parts and
components, why were these chosen and which are their functions is considered essential.
More detailed information and an approximation of the budget for the assembly can be
found in [28] (which is around 2000 e). An important point to highlight is that this device
is totally electrically controlled, without any moving or rotating part. As consequence
of the fact that the device was disassembled, each component has been analyzed and
photographed and then mounted appropiately for the realization of each experiment. A
picture of the electro-optical device is given in Fig.3.1.

Figure 3.1: Electro-optical device

This device can be divided in two important parts: a simulator of the linear polarisa-
tion for the experiments which is the polarisation state generator (PSG) and an analyser
of this generated linear polarisation which is the polarisation state analyser (PSA).

The PSG is made up of the following components:

• Infrared emitter (IR-emitter)

• Polariser (Polarising Beam Splitter)

While the PSA is made up of:

• Lens

• Filter

• Liquid Crystal Variable Retarder (LCVR)
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3 Description of the electro-optical device

• Non-polarising Beam Splitter (BS)

• Analyser (Polarising Beam Splitter)

• 2 Photodiodes

Observing Fig.3.2 can be understood more easily the structure of the device.

Figure 3.2: Structure of the electro-optical device

3.1.1 Infrared emitter

The aim of the IR-emitter (IR-Si295, Hawk Eye Technologies [11]) as its name indicates
is being the infrared light source and therefore it simulates the infrared radiating heated
surface emission which is being laser processed. The data given by Hawk Eye Techologies
relating wavelength and emission starts only in 2000nm, nontheless it emits light around
1500nm which is the wavelength that has been used in the project.

A picture of this component is shown in Fig.3.3.

Figure 3.3: Infrared emitter IR-Si295
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3 Description of the electro-optical device

The IR-emitter must be controlled in order to generate the light. In Fig.3.4 it can be
observed which intensity and voltage must be chosen.

Figure 3.4: Current and voltage that should be chosen to monitor the IR-emitter [28]

To get this voltage and current that must be provided a powerful generator is used.
This part of the monitoring has not been included in the unified LabVIEW program
because if the device would be transfered onto a robot for laser welding the PSG would
be removed and the radiation emitted by a heated body would be analyzed with the
PSA.

3.1.2 Lens

The lens (LA4306, Thorlabs Inc [12]) is the first component of the device after the in-
frared emitter. Its target is to focus the emitted light from the tip of the IR-emitter
in order to get a parallel light beam after the lens and therefore the intensity of the
light after the lens should be approximately constant along the optical path. To get
this parallel beam it is necessary to place the lens at a distance from the tip of the
IR-emitter equal to the focal length of the lens for the used wavelength. Due to the
fact that the information given by manufacturer is valid between 250nm and 400nm the
focal length for 1500nm is unknown, so the obtaining of this focal distance is made in
the first experiment in Sec.4.1 where it is concluded that for 1500nm of wavelength the
focal distance is about 69mm.

This lens is strongly important due to an infrared radiating heated surface which is
being laser processed emits light in all directions. And then this parallel beam is really
necessary because of with it the difference between the intensity measured by each pho-
todiode depends only on the components along each optical path which allows the cal-
culation of the state of polarisation. In case that it would not be parallel it would be
really difficult to know which part of this difference comes from the influence of the
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3 Description of the electro-optical device

components and which comes from the beam divergence. As it is possible to observe the
optical path length of each photodiode in Fig.3.2 is different (for technical reasons re-
lated to the existance of the beam splitter) and if it would have been the same the beam
divergence would not have influenced in measurements, however it has not been possible.

A picture of this component is presented in Fig.3.5.

Figure 3.5: LA4306 lens

The dimensions of the lens can be consulted at the end in appendix in Sec.7.2.

3.1.3 Polariser

The second part of the PSG is the polariser, but for technical reasons a polarising beam-
splitter (CCMM1-PBS254/M, Thorlabs Inc [13]) with a 50:50 splitting behavior has
been used which is shown in Fig.3.6.

Figure 3.6: Polarising beam-splitter (CCMM1-PBS254/M)

After this component a linear polarised light beam is achieved, nevertheless because
of only one of the outputs is used a loss of 50% occurs. The splitting behaviour of the
component is shown in appendix in Sec.7.3 where it is possible to observe that for a
P-polarised light as input, the output light has the same orientation angle with the same
P-polarisation and with a transmission coefficient of approximately 100% for the used
wavelength (around 1500nm).
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3 Description of the electro-optical device

3.1.4 Filter

Once the linear polarised light beam is achieved there is a filter (bk-1500-090-B bandpass
filter, Interferonzoptik Elektronik GmbH [14]). Its target is to remove the stray light
in order to filter the light beam because of the photodiodes are not only sensitive for
1500nm. Here it is a picture of this component in Fig.3.7.

Figure 3.7: bk-1500-090-B bandpass filter

The spectrum after the filter reaches a peak for 1550nm with a 80% transmission
coefficient (Interferenz Optik datasheet) and it is around 1470nm and 1550nm with a
70% transmission coefficient (relation between transmission coefficient and wavelength
can be observed in the appendix in Sec7.4).

3.1.5 Liquid Crystal Variable Retarder(LCVR)

The next component of the optical device is the LCVR (LCC1111-C, Thorlabs Inc [15])
which aim is to alter the retardance by applying a variable square-wave voltage (a more
detailed description about the LCVR controlling is given in Sec.3.3.1).

A picture of this component is given in Fig.3.8.

Figure 3.8: LCC1111-C LCVR

As it has been said it changes the retardance depending on the applied RMS voltage
(Root Mean Square value) and this behavior is shown in Fig. 3.9.

25



3 Description of the electro-optical device

Figure 3.9: Relation between the phase shift induced between the slow-axis and fast-axis
and the RMS voltage for 25oC [16]

This LCVR can be considered suitable for this project because of the transmission
coefficient for around 1500nm wavelength is approximately 95% [15]. Further specifica-
tions can be consulted in [16].

Therefore by varying the RMS applied voltage it is possible to change the phase shift
and the Mueller matrix of the Polarisation State Analyser (described in Sec.3.2).

3.1.6 Non-polarising Beam-splitter (BS)

After the disturbance produced by the LCVR in the linear polarised light beam there is
a non-polarising beam-splitter (CCM5-BS018/M, Thorlabs Inc [17]) which is shown in
Fig.3.10.

Figure 3.10: CCM5-BS018/M non-polarising beam-splitter [17]

This component works with a ratio of 50:50 approximately however this ratio depends
on the polarisation state of the input light and therefore could change (according to
Thorlabs technicians the splitting-ratio can vary by up to 10%). As it is possible to
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3 Description of the electro-optical device

observe in Fig.3.2 with it the measurement made by photodiode 1 in one output is
possible and in the other output the light is directed towards the second photodiode
passing through the analyser before.

3.1.7 Analyser

Before photodiode 2 the last component that the linear polarised light beam meets is
the analyser which for technical reasons is a polarising beam-splitter, the same as the
one presented previously in Sec.3.1.4. Here its goal is making possible the analysis of the
state of polarisation of the incoming light by giving information about the linear part of
it.

3.1.8 Photodiodes

The photodiodes are really important components in this assembly because of they
are the ones which give the necessary information in order to compute the state of
polarisation of the infrared radiation. Here it is a picture of the photodiode (G12180-
010A, Hamamatsu) that has been used in both cases in Fig.3.11.

Figure 3.11: Photodiode G12180-010A Hamamatsu [18]

Regarding precision this photodiode has a photosensitive area of 1mm [19] and after
the lens the light beam is about 25.4mm diameter therefore the sensitive surface is
covered by the beam and then it can be considered an enough components alignement
precision.

The goal of each photodiode is the following:

• Photodiode 1: it measures the intensity of the light before the analyser. This
intensity of the incident light can be derived taking into account that it is after
the LCVR and it has a 95% transmission coefficient.

• Photodiode 2: it measures the intensity of the light once it has been altered by the
analyser. It is important to know that there is a loss due to the divergence of the
light beam between the non-polarising beam-splitter (changes in the ratio of the
BS and the analyser transmission) and the second photodiode.

The signals measured by photodiodes are very low (around hundreds of mV) so they
must be amplified and for it the amplifier shown in Fig.3.12 is used. It must be plugged
into the main electric current, then the two photodiodes must be connected to two of
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3 Description of the electro-optical device

the inputs and the corresponding outputs must be at the same level of amplification.
This amplifier was developed in [41] and for further information it can be consulted.

Figure 3.12: Picture of the amplifier

3.2 Mathematical description

In this section the electro-optical device is described from a mathematical point of view
by its Mueller matrix. All the following affirmations and calculations were made in [28]
and this is a brief description about it, so for a more detailed one the cited thesis can
be consulted.

First of all it should be clear that the data measured by photodiode 1 does not need more
matrix computation because it almost gives the intensity of the incident light beam. On
the other hand the calculation of the Mueller matrix of the path for photodiode 2 must
be done. This matrix is a combination of a LCVR with an anlayser and then it can be
written as (Eq.3.1):

M =


1 0 0 0
0 C2 + S2 cos(δ(V )) SC(1− cos(δ(V ))) −S sin(δ(V ))
0 SC(1− cos(δ(V ))) C2 + S2 cos(δ(V )) C sin(δ(V ))
0 S sin(δ(V )) −C sin(δ(V )) cos(δ(V ))

 (3.1)

In this case as it been seen it is better to work with the 2× 2 matrix B (Eq.3.2).

B = k

(
C2 + S2 cos(δ(V1)) SC(1− cos(δ(V1)))
C2 + S2 cos(δ(V2)) SC(1− cos(δ(V2)))

)
(3.2)

So this matrix B is proved in [28] as invertible by computing its determinant. There-
fore analyzing the determinant attention must be paid that the phase shift introduced
by the LCVR for V1 is not the opposite of the phase shift introduced for V2. As it can
be observed matrix B depends on the voltage.

Finally the LCVR azimuthal angle θ must be defined which is really important for
the device efficency and it should be 27.37o heeding [47]. It will be used a azimuthal
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3 Description of the electro-optical device

angle θ of 22.5o(angle between the fast axis of the LCVR and the horizon) because the
LCVR bracket has a central circle with four holes which indicates angles of 45o, 135o,
-135o and -45o to the horizon and then it is easy to set the LCVR to the specified angle
of 22.5o.

3.3 Unified LabVIEW program

An unified LabVIEW program has been developed in order to improve the monitoring
of the process. With this improvement a more compact measurement of the polarisation
of an infrared radiation is achieved due to it can do at the same time in one program
various functions that were made before with different devices and programs. It is con-
sidered useful to explain each function of the program comparing it to the one which
existed before, to show how all the parts have been put together in order to access in
one funtion or other, how is the interface with the user and how some improvements of
the program have been carried out.

These functions are: signal generation (Sec.3.3.1), signal measurement (Sec.3.3.2) and
computation (Sec.3.3.3) and are deeply explained in the following sections.

3.3.1 Signal generation

The goal of the part of the program which generates a signal is monitoring the LCVR
and information about it is given by the manufacturer [20]. It must be controlled with
a squared wave of 2kHz with an amplitude that can be varied from 0V to 25V of RMS
(Root Mean Square) value. This wave must be without offset and therefore the RMS
value is the same as the positive peak value. As it has already commented the phase
shift that is provided by LCVR depends on this RMS value as it shown in Fig.3.9. This
dependence is really important because for the experiments for each RMS value, the
phase shift must be calculated in the LabView program for the computation of the state
of polarisation. As two measurements with two different values of the squared signal are
required this signal is proposed by the manufacturer (Fig.3.13):

Figure 3.13: Plot of the squared signal that must be introduced in the LCVR [20]
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3 Description of the electro-optical device

Analyzing the proposed waveform by the manufacturer the way that has been achieved
in this project is similar but not exactly the same. What has been done consists in
generating a squared signal during the time that the user wants with a desired RMS
value theoretically between 0 and 25 V, but for limitations of the NI PCI-6024 card it
must be between 0 and 10V which is enough. So with this part a squared signal of
2kHz, without offset and with a desired RMS value is generated and the computation
of the corresponding retardance is achieved. A picture of the block diagram part of the
program which makes this function is in Fig.3.14:

Figure 3.14: Block diagram of the LabVIEW program part which generates the desired
squared signal

The block diagram consists in first of all a RMS value which must be introduced by
the user and then the signal is simulated and sent to one card analog output which
generates it. In the bottom of the diagram depending on the RMS value the appropiate
retardance is computed and saved in a .LVM file which is read later in the part of the
program described in Sec.3.3.3.

To get that formula which fits with the graph given by the manufacturer, Excel has
been used by introducing some values of it and approximating it with a polynomial
function of degree six. Other alternatives were considered like using a potential approx-
imation which is also good but not that much and a logarithm approximation which is
even worse. It must be considered that it has been approximated between 1V and 10V
so the values that should be introduced by the user should be between both values or
even better between 1V and 8V because for 9V or 10V the approximation is worse. Here
this approximation is presented showing how it fits correclty and the formula in Fig.3.15:
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Figure 3.15: Approximation of the retardance curve depending on the RMS value
between 1V and 10V

It can be observed in Fig.3.14 that this block diagram is for one RMS value and as
consequence for one measurement, so this block diagram is duplicate in order to get the
second measurement with another RMS value. When the user wants as it is explained
in Sec.3.3.4 and Sec.3.3.5 the program proceeds to make the second measurement and
then a second voltage can be applied.

Before in [28] this signal generation was achieved with a signal generator what im-
plies the use of more equipment and more manipulation by the user to get this signal
and also the obtaining of the retardance depending on the RMS value was done by the
user observing the graph given by the manufacturer and as consequence more time was
necessary.

3.3.2 Signal measurement

Signals received by photodiodes 1 and 2 are measured using the following acquisition
program (Fig.3.16) which gets the mean value of each one and save these two values as
.LVM file which later are read in Sec.3.3.3 in order to make the necessary computation.
The acquired signal by each photodiode does not variate much over time so it can be
averaged and this is the reason why the mean value is computed.

The block diagram consists at first in that two card analog inputs measure the sig-
nal of both photodiodes and for it, the user can choose the rate and number of samples
(however it is considered that these vaules should not be changed and both are 1000
samples with a rate of 1000Hz). Then both signal data are written in an array of two
columns and later each column is obtained in order to represent them separetely and to
calculate the mean value of each signal.

31



3 Description of the electro-optical device

Figure 3.16: Block diagram of the LabVIEW program part which measures the signals
of both photodiodes and saves the mean value in a .LVM file

The advantage obtained is that the mean value is achieved in the LabVIEW program
without the need of another program as Excel, which was used in the previous version
of the signal measurement LabVIEW program in [28] by saving the data in .TDMS files
and later getting the mean value in Excel so the process to get these mean values was
much longer.

3.3.3 Computation

The aim of this part consists in computing the azimuthal angle of the linear polarisation
and the corresponding Stokes vector using the theory developed in Sec.2.3, specifically it
consists in applying Eq.2.13 and getting matrix B as it is indicated in Eq.3.2. To make
this computation it is necessary to read the values that the entire program has been
saving which are the full intensity of photodiode 1, intensity measured by photodiode 2
for V1, intensitiy measured by photodiode 2 for V2, retardance for V1 and retardance for
V2. This computation made with LabVIEW is shown in Fig.3.17.

This Fig.3.17 is hard to understand however it is not as complex as is looks, it just
consists in simple calculations with matrices and vectors. This computation was made
before with a Matlab program in [28] shown in Fig.3.18. By reading this code it is easier
to know how the computation has been carried out in this project which is exactly the
same but instead of using Matlab code, it has been performed with blocks using Lab-
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VIEW. For a deeper explanation about what each line of the program is [28] can be
consulted, nevertheless it just consists in solving the Eq.2.13.

Figure 3.17: Block diagram of the LabVIEW program part which reads the data saved
before and makes the whole computation of the azimuthal angle of linear
polarisation and the Sokes vector

Maybe it is harder to implement this program with LabVIEW nevertheless once it is
done it really makes the process much faster and more compact than if a Matlab pro-
gram is used, what means that the data must be sent to Excel and then read by Matlab
and computed.

One consideration must be done, in case that the device would be transfered onto a
robot for laser welding this part of the program should include the computation of the
angle of radiation and the inclined angle of the keyhole γ.
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Figure 3.18: Matlab program for the determination of the state of polarisation developed
in [28]
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3.3.4 Entire program

Once every part of the program has been understood it is really important to explain
how everything has been conected in order to achieve the goals for which the program
has been created.

The idea is the following: at first in the first step the squared signal with amplitude
V1 must be applied, the corresponding retardance must be approximated and saved as
a .LVM file, the acquisition of the signals measured by both photodiodes for V1 must
be done and the mean value of these measurements must be computed and saved as
a .LVM file. Secondly in the second step the same as what has been commented in
the first step must be done but for V2. Finally in the third step the program must
read the values that have been saved before in the two previous steps, which are: full
intensity of photodiode 1 (mean value measured by photodiode 1 for V1 or V2 because
of it should be the same), mean value of the intensity measured by photodiode 2 for
V1, mean value of the intensity measured by photodiode 2 for V2, retardance for V1
and retardance for V2. Once these values are read, the computation explained before
must be done and the azimuthal angle of polarisation and the Stokes vector are obtained.

This idea has been carried out with the Case structure. The case selector is a nu-
meric control which the user manipulates, when it is 0 the first step is performed, when
it is 1 the second step is performed and when it is 2 the third one is performed. It can
be easily understood how this case structure works in this program with the following
scheme given in Fig.3.19.

Figure 3.19: Scheme of how the case structure works in the LabVIEW program

So the block diagram of the entire program consists in that case structure with the
decision numeric control and inside each case the three commented functions. The
front pannel of this entire program is the following shown in Fig.3.20 in which all the
computed values and matrices, generated signals and acquired signals in oscilloscopes
can be observed.
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Figure 3.20: Front pannel of the unfied LabVIEW program

Another way to reach the objective which was thought consists in using a time sequence
structure, that would have done each step depending on the time. Nontheless finally the
one that has been explained was carried out because with the case structure the user
can decide if a measurement must be repeated before going to the next step or not. This
possible alternative is commented later in Sec.5.1.

3.3.5 Interface

Regarding what the user must do in order to use the LabVIEW program consists in the
following. The front pannel should be opened and attention should be paid in this space
shown in Fig.3.21.

Taking into account what has been expalined in the previous section before running
the program the user should at first choose which pair of voltages wants to apply in the
LCVR by introducing it it in V1 amplitude and V2 amplitude numeric controls. Also the
user should set a 0 in the decision numeric control because it must be the first process.
Then once the program is running the user should wait one second (or more) with the
decision 0, then change it to 1 and wait one second (or more) and finally change it to 2
so then the azimuthal angle of polarisation and the Stokes vector are computed getting
what was desired.

As it can be observed in Fig.3.21 there is a graph which is just put in order to show
the user which is the retardance introduced in the LCVR depending on the chosen RMS
voltage.
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Figure 3.21: Part of the front pannel in which the user should focus on

Therefore with this unified LabVIEW program a more efficient and compact process
has been achieved, saving equipment, time and manipulation made by the user. Some
possible improvements of the interface and the program for further studies are commen-
ted in Sec.5.1.

3.3.6 Improvements

The objective of this section is explaining how some improvements must be carried out
in order to have a fully automated process. In this process the user should just introduce
the values of the two voltages at the beginning and press a button which starts to run
the program. The difference is about that now the user does not need to change the
decision numeric control to decide when the program gets into each case, now it is made
automatically. To achieve this improvement the decision to get in each case consists in a
chronometer. So when the user press the buttom then it starts to count, when it is zero
before the user press it and the first second, it is performing the case 0, then when it is
counting it goes into the case 1 when the chronometer is 1 and the same for 2. Finally
the user press again the button to set the chronometer in zero and make possible the
performance of new measurements.

To achieve this way of running the program, the decision would be now the chrono-
meter and it must show just seconds (it just need to have the precision of units). The
structure of this chronometer is shown in Fig.3.22:
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Figure 3.22: Block diagram of the decision with the chronometer

Then the interface would be the following presented in Fig.3.23:

Figure 3.23: Front pannel of the fully automated program
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4.1 Determination of the lens focal length

For the measurements to compute the state of polarisation first of all it is essential to
have the lens in the appropriate distance from the IR-emitter. This focal length is not
given by the manufacturer for 1550nm of wavelength and this is the cause that makes
necessary this experiment.

The goal consists in positioning the lens at distance of its focal length from the IR-
emitter tip in order to make that the light focuses on a paralell beam after the lens
because of at first the IR-emitter emits light in all directions. Then after the lens the
measured voltage by a photodiode should be the same regardless of the distance that the
photodiode is. The configuration of the device for this experiment is shown in Fig.4.1
in which the polarising beam-splitter, the LCVR and the analyser are not necessary so
these are removed.

Figure 4.1: Configuration of the setup for the determination of the focal length of the
lens

The way to obtain this distance consists in doing the following with one of the pho-
todiodes (in this case photodiode 2 has been the chosen one). The voltage is measured
for different distances of the lens from IR-emitter (sixteen different positions with steps
of 1 mm) for three different positions of the photodiode (A, B and C). Then that dis-
tance of the lens where the voltage measured is practically the same in A, B and C is
the wanted one. It is really important to take into account that the measurement of the
distances is made in the optical rail scale and bewtween the brackets in order to be more
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precise. So these two distances indicated in Fig.4.1 which show the distance between
the first bracket and the tip of the emitter (32mm) and the distance between the second
bracket and the flat surface of the lens (18mm) must be considered.

Taking into account the mentioned distances, the results are presented in Tab.4.1.

d (mm) 61 62 63 64 65 66 67 68
VA (V) 9.21 9.51 9.68 10.00 10.29 10.60 10.88 11.03
VB (V) 8.80 9.13 9.40 9.72 10.00 10.34 10.75 10.89
VC (V) 9.00 9.44 9.76 10.02 10.33 10.69 11.03 11.04

d (mm) 69 70 71 72 73 74 75 76
VA (V) 11.04 11.04 11.03 11.03 11.03 11.03 11.02 11.02
VB (V) 11.04 11.04 11.03 11.03 11.03 11.03 11.02 11.02
VC (V) 11.04 11.03 11.02 11.02 11.02 111.01 11.01 11.01

Table 4.1: Measured voltages by photodiode 2 in three different positions for different
positions of the lens (where d is the distance between the tip of the emitter and
the lens flat surface and VA, VB, VC are the voltages measured for positions
A, B and C)

Therefore analyzing Tab.4.1 the distance of the lens where the measured voltage by
the photodiode in these three different positions is the same is 69mm. After this experi-
ment this distance between the tip of the IR-emitter and the flat surface of the lens has
not been changed.

Another way to calculate this focal length made in [28] consists in finding that posi-
tion of the lens where the voltage measured by both photodiodes is the same. In fact
this method has been used for a first approximation using the oscilloscope in order to
know the range of distances to be analyzed. However this method could have some
deviations related to the multiplier of the amplifier for each photodiode and the high
sensitivity of each photodiode so with the applied method experiment is considered to
have been improved.

4.2 Testing of the setup with the LabVIEW program and without it

Once the whole assembly is installed it has been tested using an oscilloscope, a signal
generator and the matlab program (method 1) and also using the new LabVIEW program
(method 2) with the aim of proving that the electro-optical device is able to measure the
state of polarisation of a fully linear polarised infrared radiation. It has been performed
with both methods to guarantee that the new LabVIEW program is working exactly as
the other one and that the results are really similar. For it a pair of voltages is chosen
(V1 = 0V , V2 = 1V with the corresponding retardances 0,63 and 0,16 in this case) and
8 different positions of the polariser (position 1 is that where polariser and analyser and
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4 Experiments and discussion of the results

aligned and then the next positions are the previous one plus 45o) in order to generate
different polarisation angles. As consequence of the fact that linear polarisation states
are symmetrical around the wave propagation axis, the polarisation range is completely
defined between -90o and 90o, nevertheless the measurements have been carried out in
the whole circumference in order to understand how the measurements are being carried
out. The results of this test is presented in Tab.4.2 and it shows:

• Measured voltages with method 1: ~Vm1 =

Vphot1fullVphot2V 1
Vphot2V 2


• Computed angle with method 1: φc1

• Computed Stokes vector with method 1: ~Sc1 =

Sc0Sc1
Sc2

.

• Measured voltages with method 2: ~Vm2 =

Vphot1fullVphot2V 1
Vphot2V 2


• Computed angle with method 2: φc2

• Computed Stokes vector with method 2: ~Sc2 =

Sc0Sc1
Sc2

.
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Computed Computed
Measured Stokes Computed Measured Stokes Computed

Position voltages vector angle voltages vector angle
Num ~Vm1 ~Sc1 φc1 ~Vm2 ~Sc2 φc2

1

6.10V
2.90V
3.54V


 1

0.27
−0.87

 37.27o

6.06V
2.93V
3.39V


 1

0.19
−0.06

 39,35o

2 (+45o)

6.15V
3.50V
3.34V


 1

0.09
0.18

 42.47o

6.07V
3.65V
3.53V


 1

0.17
0.24

 40.11o

3 (+90o)

6.20V
1.56V
1.08V


 1
−0.71
−0.44

 67.42o

6.29V
1.73V
1.25V


 1
−0.65
−0.39

 65.24o

4 (+135o)

6.17V
1.02V
1.15V


 1
−0.60
−0.67

 63.54o

6.33V
1.03V
1.12V


 1
−0.59
−0.68

 63.45o

5 (+180o)

6.20V
2.98V
3.45V


 1

0.20
−0.06

 39.38o

6.21V
2.97V
3.45V


 1

0.18
−0.08

 39,81o

6 (+225o)

6.40V
3.57V
3.35V


 1

0.04
0.16

 43.82o

6.25V
3.77V
3.58V


 1

0.16
0.23

 40.52o

7 (+270o)

6.55V
1.71V
1.22V


 1
−0.68
−0.43

 66.36o

6.39V
1.67V
1.22V


 1
−0.66
−0.42

 65.77o

8 (+315o)

6.48V
1.13V
1.38V


 1
−0.54
−0.67

 61.18o

6.30V
0.99V
1.12V


 1
−0.62
−0.64

 64.12o

Table 4.2: Derivation of various incident linear polarisation states for voltage pair
(0V;2V), with LCVR phase shifts taken for 1550nm at 25o C

So observing this table many conclusions can be said. First of all and the most
important is that both methods are not working correctly beause of the measured angle
of polarisation and the Stokes vector have no sense and this is a really big problem in
the objective of measuring the state of polarisation. Nevertheless this table is really
interesting and then other conclusions can be drawn. The results obtained with both
methods are really similar and moreover it is possible to observe that the results are also
the same if the polariser is rotated 180o. Therefore this indicates that the LabVIEW
program is working as it was expected, nevertheless both are getting wrong results so it
is necessary to make a checking of the whole setup in order to find possible sources for
erroneous measurements as it is shown in the next Sec.4.3.
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4.3 Checking of the electro-optical device behavior

The aim of this section is to guarantee that the electro-optical device is working as it
should do and for it many different experiments and conclusions are obtained. This sec-
tion has been performed because the testing of the setup in order to measure the state
of polarisation was not working correctly and therefore a cheking of the whole device
was necessary to search possible causes for the problems.

First of all the possible misalignment of the assembly is checked and for it the following
test has been carried out. It is performed because optical paths for each photodiodes are
different. In this experiment the polariser, analyser and LCVR are not necessary, just
the lens, filter and both photodiodes (also BS is necessary to take the measurements
with photodiode 1) are used. For it different voltages and intensities of the thermal
emitter has been applied and the voltages measured by photodiode 1 and photodiode 2
have been recorded as it is presented in Tab.4.3.

Measure Num 1 2 3 4
Vphot1 (V) 11.3 11.2 11.1 6.6
Vphot2 (V) 11.3 11.2 11.1 6.4

V and I IR-emitter (V) 12V 5.1A 10V 4.6A 8V 4.1A 6V 3.7A

Table 4.3: Voltages measured by photodiodes 1 and 2 for different conditions of the
emitted light by the IR-emitter

So observing this table, different conclusions can be said because the measured values
by both photodiodes are nearly exactly the same, with the exception of the last meas-
urement but it is due to the fact that the emitted light is very low. Therefore first of
all the lens are correctly positioned (the placing has been made with the precision of
1mm and as it can be seen in Sec. 4.1 the deviation produced by moving it 1 mm is
considerable, nevertheless it could lead to small inaccuracies and not for the big mistake
that is being searched) and components are aligned so the signals measured by both
photodiodes do not depend on the optical path that they have followed. Also this means
that both photodiodes are working correctly and the amplifier has the same multiplier in
both outputs. This last fact could also be proved by exchanging photodiodes, changing
photodiode 1 with photodiode 2 and vice versa.

Also in relation with a possible wrong behavior of cables these have been checked in
the following way: by changing electrical connections to oscilloscope and also by chan-
ging electrical connections to the NI-PCI 6024E card. As consequence cables with both
methods are checked.

Both polarisers must be checked and different aspects should be inspected. At first
it has been checked if they are correctly mounted inside their housings and the conclu-
sions are that one of them is perfectly placed while the other (the analyser) moves a
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little bit what could lead to inaccuracies, nevertheless mounting it inside it housing and
being careful when it is placed in the assembly it should work in a proper way. Secondly
if the set of both polariser is working as it was expected is inspected. So for it the lens,
filter, both polariser and photodiode 1 have been used (LCVR is not necessary). The
test consists in checking if it is possible to see maximum output if both polarisers are
parallel and minimum output if both polarisers are rotated by 90o.
In Fig.4.2 the configuration of both polarisers (Fig.4.2a) in parallel form and the meas-
ured voltage by photodiode 1 (Fig.4.2b) is shown.

(a) Placing of both polarisers in parallel form (b) Measured voltage by photodiode 1 shown in an
oscilloscope

Figure 4.2: Test with polarisers in parallel position

In Fig.4.3 the configuration of both polarisers (Fig.4.3a) in perpendicular form and
the measured voltage by photodiode 1 (Fig.4.3b) is shown.

(a) Placing of both polarisers in perpendicular
form

(b) Measured voltage by photodiode 1 shown in an
osciloscope

Figure 4.3: Test with polarisers in perpendicular position

As it can be observed in Fig.4.2 and Fig.4.3, the set of both polarisers is working cor-
rectly because of for a parallel position the measured value is maximum which is 7.77V
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and it they are perpendicular (one of them is rotated 90o) then the measured value is
minimum which is nearly 0 and it is 0.73V. This is really important because in order
to make the measurements to calculate the angle of polarisation it must work correctly
to place correctly the polariser which is PSG component which allows the generation of
that angle. For this positioning it is necessary to use this polariser and the analyser.
The way to proceed is the following: at first all the components between polariser and
analyser must be removed (filter should stay), then the analyser should be fixed aligned
horizontally and finally the polariser is rotated while the intensity in the ouput of the
analyser (photodiode 2) is being measured. An oscilloscope can be used to measure the
intensity and both polarisers must be aligned when the measured voltage is maximum.

Thirdly it must be checked if the behavior of both polarisers is the same because these
are exactly the same component and so the measurements obtained should be the same
independently of the polariser that is being used. For it just the lens, filter, both po-
larisers and one photodiode has been used. Firstly one polariser is used in two different
positions (rotation states) and measurements made by photodiode 1 are recorded and
then the other polariser is used in these two same positions (rotation states) and the
same is done. The obtained results are shown in Tab.4.4.

Position 1 2
Vphot1 (V) with polariser 1 7.91 7.70
Vphot1 (V) with polariser 2 7.85 7.72

Table 4.4: Voltages measured by photodiode 1 for two positions of polarisers

Also the CCM5-BS018/M non-polarising beam-splitter can have an inaccurated per-
formance (a deviation around 10 % can be reached). To analyze if it is working correctly,
different polarisation angles with the polariser has been generated (8 different positions)
and it is observed if the intensity measured by photodiode 1 depends on this angle. It
is shown in Tab.4.5 and each position is the previous plus 45o.

Position of polariser 1 2 3 4 5 6 7 8
Full intensity (in V) 6.10 6.15 6.20 6.17 6.20 6.40 6.55 6.48

Table 4.5: Influence of the incident polarisation angle on the non-polarising beam splitter
behavior

Therefore observing Tab.4.5 that the non-polarising beam-splitter has a considerable
influence on the outgoing full intensity (the two extrem values recorded are 6.10V and
6.55V ) so it can be one the main sources of inaccuracies of the setup and as it will be
commented later in Sec.5.2 it would be a good idea to replace it.

Moreover the way to know which polarisation state is being generated by the polar-
iser is not very precise, the gratuated circle shown in Fig.1.4 is used and as consequence
this can lead to deviations. Another possible imprecision source could be the LCVR azi-
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muthal angle positioning because it has been done in an approximate way, nevertheless
as it is proved in [28] it does not have a really strong influence.

So the sum of all these possible causes can lead to small inaccuracies nevertheless it
is considered that it still does not explain the results that are being obtained because
of they totally have no sense. When a polarisation angle is being generated by the PSG
and the next is the previous one plus 45o, the computed angles should be coherent and
measure the first one and the second is the previous plus 45o, nontheless this is not
happening.
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The aim of this section consists in suggesting how this investigation should be contin-
ued and for it some improvements for the LabVIEW program and for the setup are
proposed. These suggestions are also focused on finding possible sources for erroneous
measurements with the goal of making possible the reproduction of the experiments
about measuring the state of polarisation of the infrared light emitted by the thermal
emittter.

After that experiment the investigation should continue with the positioning of the
electro-optical device onto a robot for laser welding so regarding it a really good explan-
ation with schemes, how to perform the computation and pictures is given in [28], so to
make this last step it can be consulted. However it must be commented that for this
final goal the PSG which is generating a fully linear polarised polarisation state should
be removed, because in that case the heated workpiece would be the one which would
generate a partially linear polarised infrared radiation. The used setup should be able
to measure this partially linear polarised light which it would consists just in the PSA,
without thermal emitter or polariser. So finally it would be possible the computation of
polarisation state and with it the inclination angle.

5.1 Enhancements to the LabVIEW program

The presented program already has a good performance, nevertheless it can be improved
in the following way in order to make the process faster. The sampling time in the cur-
rent program is one second per step so it could be decreased much more. A proposed
way to make this reduction consists in decreasing this sampling time slowly and making
tests of accuracy and repeatability and choose that sampling time where these tests are
acceptable. In this way if the sampling time is reduced to 100ms the process would be
ten times faster and because of the final goal is to install it for industrial processes it
could suppose many advantages. However the fulfilment of this new improvement would
change the structure that should be used for the program. Now the program should be
carried out as a sequence where this sampling time can be arranged as it is desired for
each test. It would be very similar, just the structure should be changed and then the
block diagram in each frame would be practically the same as the one which has been
used. To overcome this goal using a Timed Sequence structure is suggested. A Timed
Sequence structure consists of one or more frames, timed by an internal or external tim-
ing source that execute sequentially.

Moreover if it would be required that the three steps should be executed more than
one time as a Timed Sequence structure executes each frame only once then this struc-
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ture could be replaced by a Timed Loop. Nevertheless these are just suggestions and
other ways to get the same result can be performed.

Another point that should be improved is the function that approximates the beha-
vior of the LCVR which relates retardance and applied RMS voltage. This improvement
must be done because of the existing function which is a polynomial one of degree six
approximates correctly between 1V and 8V. So it should be found another way to get
a proper function which fits better with the behavior of the LCVR. One way could be
the following: have three different approximation functions, one for each range (0,1-1V,
1V-8V and 8V-10V) and then in the block diagram conditional blocks should be used
and depending on the introduced voltage the program should use one function or other
to compute the retardance. So between 1V and 8V (if voltage is equal to 1V or higher
and less than 8V) the current computed function would be used, between 0,1 and 1V
(if voltage is equal to 0,1V or higher and less than 1V) another polynomial function of
degree six could be a good option (Fig.5.1a) and between 8V and 10V (if voltage is equal
to 8V or higher and equal to 10V or less) a potential function could be a proper choice
(Fig.5.1b).

(a) Polynomial approximation function between
0,1V and 1V

(b) Potential approximation funtion between 8V
and 10V

Figure 5.1: Suggested approximation functions for the LCVR behavior

5.2 Enhancements to the setup

First of all the source of erroneous measurements should be found and for it some more
actions can be done.

As it has already been said before the analyser is not really well fixed in its housing
and as consequence if it is not set carefully it moves inside the housing and then the
behavior is not the required one. Also if the electro-optical device is manipulated to add
or remove other components the rest of the assembly is slightly moved so this analyser
could not stay in the right position. It could be solved by using another housing which
would hold it in a proper way.
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Regarding the LCVR it could be more deeply checked in the following way. A voltage
lower than 1V must be applied to the LCVR what would mean that it is working as a
half wave plate and as consequence it should rotate the incoming linear polarised light
by 2alpha. Then two different situations must be analyzed. The first situation consists
in placing both polarisers (polariser and analyser) perpendicularly and with the LCVR
orientated at 45o between them. So the LCVR should rotate the incoming horizontally
polarised incoming light by 90o and as consequence it would pass through the analyser
in the same direction as the analyser one and must give a maximum output. The second
situation consists in performing the same test, however in this case polarisers should
be set parallel and then the obtained output should be minimum (almost zero) because
when it passes through the LCVR it is rotated 90o and then perpendicular to the ana-
lyser direction of polarisation. If both situations happen then the LCVR should be
working correctly.

Assuming that the source of errors is found some improvements can be done in the
setup. One simple solution to possible deviations due to misalignment of the compon-
ents could be using four shafts instead of two that are being used now. Nevertheless this
solution is not that easy for technical reasons related to adapters and housings. Moreover
the CCM5-BS018/M non-polarising beam splitter should be replaced by a more precise
component because the deviation that it can introduce in the measurements is really
considerable and therefore a suggestion is made in [28] about using a Polka Dot Beam
splitter [21].

The reproduction of the experiments to determinate the state of polarisation would
consist in the following measurements. For each polarisation state measurement two
voltages (applied to the LCVR) are necessary. Then the phase shift introduced by the
LCVR for these voltages would be automatically computed by the LabVIEW program
with the approximation function. The results of both tests could be shown with these
following parameters:

• Introduced polarisation angle: φi

• Computed polarisation angle: φc

• Angular deviation: δphi = |φi − φc|

• Introduced Stokes vector (theoretically calculated): ~Sa =

Si0Si1
Si2



• Computed Stokes vector: ~Sc =

Sc0Sc1
Sc2


• Root-mean-square deviation [37]: δRMSD =

√
(Si0−Sc0)2+(Si1−Sc1)2+(Si2−Sc2)2

3 .
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It would only be necessary to introduce angles between -90o and 90o because the whole
polarisation range is completely defined between them. Finally these angular and root-
mean square deviations could be analyzed in order to get conlcusions about how precise
or imprecise the measurements and computation have been done.

5.3 Possible alternatives

If finally the source of erroneous measurements is not found and as consequence the
experiment of determining the state of polarisation can not be performed, then some
alternatives are suggested.

A new setup could be built using the same components, however changing the CM5-
BS018/M non-polarising beam splitter by the Polka Dot Beam splitter and also fixing
correctly the analyser in its housing. The lens could be removed and then to solve the
problem of the beam divergence influence the following could be done. Optical paths of
both photodiodes are currently different so without lens the effect of divergence would
be really important, therefore to avoid this influence one solution could be that optical
paths of photodiode 1 and 2 have the same length. To achieve these goal different ad-
apters would be necessary and also it would be really interesting to reduce the size of
the whole assembly in order to make it more compact.
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6 Conclusions

In this Bachelor’s Thesis an existing setup for measuring the state of polarisation of an
infrared radiation has been improved, focusing on the electronics of the system.

At first all the components have been analyzed and assembled in order to reproduce
the assembly made in [28]. Secondly the setup has been improved by unifying different
tasks in one LabVIEW program with the aim of having a more compact system which
is fully automated. These different tasks consists in the monitoring of LCVR, the real-
ization of the measurements and the computation of the polarisation state which before
were made using different devices and programs. Thirdly the electro-optical device has
been tested with the new LabVIEW program and without it (performing the experiment
as it was done before) in order to compute the azimuthal angle of polarisation and the
Stokes vector of a fully linear polarised light emitted by a thermal emitter, nevertheless
using both methods the results have not been as it was expected. As these results are
really similar using both methods it is considered that the LabVIEW program works
correctly, then possible sources for erroneous measurements have been examined. As
consequence many different aspects of the device have been checked and some possible
causes for small inaccuracies have been found nevertheless it has not been detected which
is the real problem that makes getting wrong measurements.

Moreover some recommendations have been suggested to make the LabVIEW program
faster and also more precise. For it another way to put together all the parts of the
program with a Timed Sequence structure is explained and how to get different approx-
imation functions to obtain the retardance introduced by the LCVR depending on the
applied voltage is commented. As well some possible ways to improve the setup are de-
scribed and also which results should be given if the setup works correctly and possible
alternatives if it does not work are commented.

The final goal of this assembly consists in computing the state of polarisation and with
it the inclined angle of the keyhole in order to make an online monitoring and adaptive
control during a real laser processes, specifically it would be transfered onto a robot for
laser welding. However due to the problems that have been faced it is a pending task
for next investigations that will continue with the development of this electro-optical
device.
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7 Appendix

7.1 Technical data of the PCI NI-6024E card

In Tab.7.1 a summary about the main technical data of the card PCI NI-6024E is given.

PCI NI 6024E features
Main features

Bus PCI, PCMCIA
Analog Inputs 16 SE/8 DI
Input Resolution 12 bits
Max. Sampling Rate 200 kS/s
Input Range ± 0,05 to ± 10 V
Analog Outputs 2
Output Resolution 12 bits
Output Rate 10 kS/s
Output Range ± 10 V
Digital I/O 8
Counter/Timers 2, 24-bit
Triggers Digital

Table 7.1: Technical data NI PCI 6024E card [22]
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7 Appendix

7.2 Lens dimensions

These are the dimensions of the lens which are shown in Fig.7.1 and are really important
in order to know the diameter of the parallel light beam.

Figure 7.1: LA4306 lens dimensions (Thorlabs datasheet) [12]

7.3 Splitting behavior of the CCM1-PBS254/M beam-splitter

Figure 7.2: Splitting behavior of one output of the CCMM1-PBS254/M beam splitter
[13]
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7 Appendix

7.4 Filtering behavior of the bk-1500-090-B bandpass filter

Here it is a representation in Fig.7.3 of the relation between the transmission coefficient
of the bk-1500-090-B bandpass filter and wavelength.

Figure 7.3: Filtering behavior of the bk-1500-090-B bandpass filter [28]
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7.5 Transmission coefficient of the LCVR

Figure 7.4: Transmission coeffiecient of the LCC1111-C LCVR depending on the
wavelength [15]
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